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Abstract.  Welistond review proposed pulsar/su pernova remnant asso-
ciations, surn itize recent highlights in t he field, including searches for
young, pulsar = scatcies forremmnants, recent st udies of previously pro-
posed zssociation | wndattempts at pulsar/rcinuant association synthe-
ses. W( arpuet hmmmt_pr()pnf;cdlpulsar/sup(zrnova remunant associations
require additionalin, cstigationbefore they canbe considered secure, and
we sugeest diteston for future  work.

1. Introduction

No review of pulsar/supernovaremmant (PSR/SNR) associations should begin
without lavishing praiscon | 3aade & Zwicky (1 934), who hypothesized neutron
stars areborninsspernovi explosions of massive stars, long before neut ron stars
had been discovered ! The discovery of the pulsarinthe Crab nebula made
the Baade & Zwicky * ypotiesis seem visionary; but after we finish scraping our
amazed jaws ofl the floor, te task of putting suchhypotheses to careful scientific
scrutiny for generalcasesicmains.

PSR/SNR essociation , thesubject of this review, canpotentially prove
the Baade & Zwicky hypotuesis. Their study also has the potential to constrain
the distribution of hirth magaetic fields, birth spin periods, and space velocities
of neutronstars, as well a pulsar beaming fractions. Tromthe SNR point of
view, associations help constrainremnant distances, ages, and elucidate unusual
remnant or phology or evolution. "This can be doneby considering individual
associalions (§2.,53.3) o via popu lation syntheses (§4.). The study of asso-
ciations properly bepins Voith the discovery of candidates; recent scarches are
summarized in 3.1, nd & 2

In this review, the dis vssion is Jimited, somewhat. arbitrarily, to SNR asso-
ciations involving tacio pulsars. Notable onissions are: S5433 and 1192259+ 586,
which are probably biniry neutron stars in SNRs (Clark & Murdin 19785 Fahlinan
& Gregory 1981); prche bl pulsar driven plerions and point sou rees in remnants
from which pulsations havi not been seen (e.p. Vasisht et al, 1996; Petre et al.
199G); and soft gawnn . rpeaters (S GRs), whichmay be young neutron stars,
as inferred by the presence of an SNR in the SGR error box (e.g. Kulkarni &
Frail 1993).

'With similar vision, Whe ol (11166) suggested, before the discovery of the first rotation-powered
neutron star, that the Crah SHR s poviered by a nculron star’s rotational encrgy.
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2. Review of 'roposedt Associations

Table 1 presents « st of 28 proposed PSR/SNR associations. We have at-
tempted to make Cre list complete, and any publication that suggests an associ-
ation is possible his veen included. Similar compilations can be found elsewhere
(Caraveo 1993; Trail ¢t ol 1991b; Gorham et al. 1996; Allakhverdiev et al.
1996). In the Table the cemmant type T is “P" for a plerion, “S” for a shell,
and “C” for a compin'te, according to Green’s catalog?. The pulsar distances
are obtained from the dispersion measure and the Taylor & Cordes (1993) dis-
tance model, or o H1 Shservations when available. The remnant distances
are best estimates frow the liberature, in general from the 33- D relation or from
apparent interactions with nearby objects, The pulsar ages are the characteristic
ages (obtained acsuriin g lyaking index n - 3 and initial spin period I’y much
less than the current =pin period, PO Py o~ Py the age is overestimated, while
il < 3, it is undre tima wd. Some age corrobotation may be provided by the
presence of timing noie e nd/or glitches. Remnant ages in the Table are the
best available estiviates frem the diterature, but in general are highly uncertain;
they depend on the souned phase of the shell expansion, the distance to the
remnant, the eneipy ol the explosion, and strongly ou the typically unknown
density of the ISM i to woich the explosion occurred. The parameter 8 is the
angular pulsar di-pleccme t from the SNR centre (6) in units of the SNR an-
gular radius, and o, J0/ is the implied pulsar trausverse velocity, where we
adopt the most consrvstive 7 and d from columns 4 and 5 respectively. The
column “G” is decribed bhelow.,

Proposed associstions mway be merely a result of coincidental projection of
the pulsar and SNR o the sky. The probability of coincidental projection can
be evaluated inca stat stical way, by comparing, the surface density of pulsars and
SNRs in diflerent poits of the Galaxy. Such considerations are not very useful
in assessing, any particular proposed association, but are crucial in PSR/SNR
association syntheses discussed in §1. To objectively assess the evidence for each
proposed association, o wioll as to illnstrate the reasoning used in the literature
in evaluating associations, we consider the following questions:

e Do independent distance estimates agree? In most cases, meaning-
ful comparisoms ol t ¢ pulsar and remnant distances can be made. Tor
example indepencent distance estimates for PSR B1853+4 01 and the W44
remuant are iy vood aereement, while for PSR B168- 23 and W28, they
are in obvions dicag cement. Inoa large number of cases, however, the
strongest conel sion that can be made is that the distances do not dis-
agree (e PSR I3 6220 and G30K.8- 0.1).

¢ Do independont ave estimates agree? Remmnant ages are difficult
to estimate and < comparisons here are not usvally constraining, One
notable exceptinm is PSR BIH09- 58 and MSI 15 52, for there which is
clear disagreonmnt (<0 §3.),
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« 1s thennplicdtrausverse velocity reasonable? Here, instead of  ask-
ing il thepelaris lheated within the remnant boundaries, we ask if the
pulsar “s hiplicd t1e jgverse velocity, assuming its birth at the geomet ric
remnant (eulreind | hemost co nservative age estimate, is consistent with
thelyne& 1.otimer [ 1994) velocity distiibution, derived from proper mo-
tion st udies Note tiatidentifying the rtemnant centre is often difficult,.

« 1s therceevidenedfor any interaction between the pulsar and
SNR? Althouvpl t t « question is subjective, associations have been pro-
posed on the basiv o morphological evidence only (S hull et al. 1989; Kundt
& Chang 1997); putars have relativistic par ticle winds that likely “rej -
venate™ SN Rs v o particle interaction with the SNR shock. However, a
pulsar  dirivervnch otronnebula 1S notnece ssarily related to a previous
sUper nova (53 1 4.

« Does the proprer motionvector of thie pulsar point away from
the rermmant contre? In general, you ng, putsar proper motions are best
measuiedviainterfcornetry, sin cethining parameters are usually contam -
inated by ted no we ond glitches, The direct ion of proper motion may also
be infer red fro 0 thamorphology of a pulsar wind nebulae (e.g. Cordes et
al. 19923). A Prope potionmineasurementha s the potentia 1 to disprove an
association repardle = of t he answers to t he other questions.

The above ques Tions an be v sed to classify each assoc jation according to
how much evidence «xits tnits favor. Associations for which the answers to all
questions are aflinmative e secure, and are classified “group” 1; successively
less secur e associn tiens a determined by the number of aflirmative answers to
the above questinus  are assified inincre asing, grouvp number, with group 5
associations beinp unlike!, This classification scheme IS meant as an objective,
overall guide to the crditility of” anassociation, but should not substitute for
a det ailed st udy in individoal ¢iases. The colomn “G” in Table 1 shows the
classification for cacnp roposed zscociation. Note that associations ingroup 3
or 4 most oftensaflelronalack of relevant observations, rather than evidence
against the assoa: tion. *1 ney should simply be considered uncertain,

Several conc lisions « nbedrawn from inspection of Table 1. Ttirst, of the
28 proposed associaticus, anly sevencanbe considered compelling, with Only
three of thosecortany 1 hisisinstrong contrast to other authors who have
suggested t hatas i ny 2 17 associations are probable. Indeed it is remarkable
that of the 22 pulsnis having characteristic apes under 100 kyr, 18 are included
in the Table. (‘T ( xcept ons are PSRs B1046G - 58,111 7/27- 47, 111737- 30,and
B19164 14). However | hi- may also simply be the effect of young pulsars being
given preferential atientio o we discuss this disagrecent further in §4. Assoc ia-
tions proposcd since 1994 ave indicated in the Table with an asterisk; three that
have yet to be poblished nvenotbeen classified and are at the bottom. We note
that 110 assodation 1t 1s been proposed sine ¢ 1994 falls ineither our group
1 or 2. If weconsidai g only themost secure associations, i.e. those in groups
1 and 2, the mean ol i 1ra nsverse velocity o 4 10 kin/s. However, none of
the proposed asso i Lions 1 volving, v > 260 km/s has been verified indepen-
dently by a properiact io) measu rement. 1 PSR BI7S 7- 24, the “Swan/Duck”
pulsar, is excludedirom  heestimate of themean transverse velocity, we find
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Uy =~ 210 X /s, far 1ose thon pre vious estimates, and indeed less than the mean
pulsar transverse veloatyr Iyne & Lorimer 19$)1). Thus, PSR/SNR associations
do not unambiguously provide evidence for large pulsar velocities.,

3. Recent Highliplds

We now take a moment to consider highlights of recent work on particular
PSR/SNR associzticns.,

3.1. Searches for SNRs near Young ulsars

One techuique for firding new PSR/SNR associations is to search for extended
radio emission neat voung pulsars. Recently, [rail et al. (1994b) made deep 20
and 90 cm VLA imaze of the fields near three young pulsars, I’SRs B1643--43,
1{1727- 33,and 1376444 They found extended emission around all three, and
argue that all thir cereprea 1t PSR/SNR associations. hnages of the field around
1'S1{111643 43 reved anare of emission consistent with a partial shell morphol-
ogy. The coimcidence of the partial shell withthe pulsar position suggests an
interaction, and is consistent with the pulsar’s motion away from the approxi-
mate geometric remmant ¢ontre. Tmages o f the field neat PSR B1727--33 reveal
emission nea 1 the pul sar that extends mainly northward. Its interpretation in
terms of an SN is probleruatic in this case, as unlike that for PSR B 1643--43,
the morphology of the “pertial shell” is inconsistent with the inferred motion of
the pulsar. The emissdoniiay be pulsar-powered, but isnot necessarily the rem-
nant of a supernova explos on (sec§4.). Bxt ended emission near PSR B1706--44
was first detected by McA dameral. (199 3); Frail et al. (1994 b) confirm the
detection. They discns. some problems with anassociation, namely the absence
of any interactionde .pitethis pulsar’s particulatly large spin- down luminosity.

3.2, Searches for Young Pulsars near SNRs

Although historically 1ua nv young, pulsars later plausibly associated with SNRs
have been discovered v ur targeted searches (e .g. Damashek et a. 1978; Clifton
& Lyne 1986; Johnst on et al. 1 992), the success of ascarch targeting SNRs
by Manchester ef al (14:0) made similar, more sensitive searches attractive.
Recent scarclies for julsars inthe direction of SNRs have met limited success.
Gorham et al. (19261 searched for radio pulsations from 18 supernova remnants
using the Arecibo telescopis but found no new pulsars. Biggs & Lyne (1996)
scarched 29 SN Rs at Jod -e)l Bank, but found no new pulsars. Kaspi et al.
(1996a) scarched 40 CGalacticremnants, andfoundtwonew pulsars, one of which
is almost certainly not ac.ociated with its target remnant. The other, PSR
J1627- 4850, is al apo-iim well within the remuant boundaries, and distance
estimates to the t W ¢ apree, but the pulsar characteristic age is well over the
expected lifet ime of WNRe 1he associationis plausible under the controversial
hypothesis that pulsi r: car be born withrelatively long, spin periods.

3.3.  New Resulte ond 'reviously Proposed A ssociations

Vela:  Addressing previon: concer 11s (Bignami & Caraveo 1988) regarding the
association) of the Velapular withthe Vela SNR| Aschenbach et al. (1995), ot)-
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tained a ROSAT imee of the Vels SNR. They project the apparent trajectories
o f six extended feature s nutside the remuant backward, and, with the known
pulsar proper motio 1, finda consistent origin for all objects, the location of the
supernova. 1 hey eclimats the explosion ocomed ~18 kyr ago, though larger
ages are dKoconstant 1 dependently, from tiining, Lyne et al. (1996) conclude
the age of the pulsar i-p cater thanits characteristic age of 11 kyr, because of
evidence for s sntprisingly snallbraking index, = 1.3, They further point out
that if such smallbraking indexecate standard for\1'4ti-like pulsars, their trans-
verse velocities bnphed by Finpossible SNR associations” are overestimated.

PSR B1509- 58 Al ough PSR B1509 58 and its surroundings have re-
cently been studied tido tail, in contrast 10 Vela, this association is not yet
clear. The regionis conapiex, snd the larg, ¢ radiosNR, MSH 15 52, appears t o
be much older U the pulsar (Sewatd ot i 11, 1983) ; evidence suggests MSI
15 52 1S notassocie ¢ v ith the pul sar, and t hat the syster n comprises more
than one reannant, A proper motion it for the pulsar (Kaspi et al. 1994)
makes an associatior v ith the large radio SNRMSH 15 52 difli cult; additional
evidence ag atnst it i presonted by Strom (1991) and Du Plessis et al. (1995).
However, the pulsar s alnost certainly associated with sorne component of this
complex system. 11 ornett (1992) proposed thatthe “puest star” of 185 Al).
was the historical 1 per nova that produced PSR B1509- 58, which might have
clarified the situation by (tabhist drig a firm ape for the pulsar, however a recent
rereading of therecords o agigests the goest slar ¢ a comet, not a supernova

(Chin & Huang, 199 1).

PSR B1800- 21:  Nas-m & Weiler (1990) proposed an association between
the 134-ms pulsar PSROBIS00- 21 and SNR G8.7- 0.1, This was problematic
since an association inpli-d an extremely large transverse velocity for the pul-
sar. Prail et al. (1994¢) niade new VLA Timages of the area that suggested the
association is not 1eal) st e no remarkable cmission was found near the pul-
sar. However, Pindey & Ovelman (1994) observed the region using ROSAT and
concluded an assodstion i+ plausible if the supernova occurred near the present
pulsar position, and expanded into a nearby molecular cloud.

4. Syntheses of PSR/SNR Associations

Here we discnss recent atto mpts at synthesizing, the available data on PSR/SNR
associations. They fall int two broad categories:

e Optimistic: Triil of al. (1994b), after finding extended emission near
three young, pulsars =ee §3.1.) and compiling, « list of proposed PSR/SNR
associations, conslude that ol all young pulsars, “the majority are asso-
ciated with supernova remnants.” Uheir main argument is that a larger
fraction of young, pul ars has nearby extended emission compared with the
general pulaar ponuls tion, They cautiously supgest the nnmber of associa-
tions is as high as 1 a conclusion also arrived at by Caraveo (1993). They
find that o 7~ H00 ki /s for young pulsars on the basis of the associations,
and discuss the implizations.




o Pessimistic: Gaenler & Jobhmston (1996b), using a creative Monte Carlo
sim wlation, oo ¢ s tmost proposed associations are act ually false. In
theiranalysis, theyeradthe Galaxy wit 135, 000 supernovae, allowing every
explosion to produ e bot ha pulsa r and a shell expanding independently
into a war oot 1ISML Thiey then shmulate untargeted 1 GHz radio sur-
veys in order to di - over?SN Rs, as well as t arget (d anduntargeted radio
pulsar searc v Fo 1110221 thepulsarpopulation, they assume the Lyne
& Yorimer (14 1 bt hvelocity distribution, the Lorimer et al. (1993)
pulsar himinos o fven tion, the Biges (1990) beaming Taw, and the Taylor
& Cordes (199 1) DA distance scatteringmodel. They compare their sim-
ulation’s “obscived” PSR/SN R associations with those in the literature,
and anive atinteresting Conclusions: only ~2% of pulsars with 7 < 25 kyr
should have 0 =10 Ithough-~30%. of pulsars with 100< 7 < 200 kyr can
have /5 =0, 1t K oontrastto the percentages of the proposed PSR/SNR
associations Iiblie 1 From theit results, they conclude that only ~7 o f
thiose in Table 1 arercar, althoughthey cannot determine which.

The assessment 1l mea PSR /SNR associat ious presented in thisreview is
clearly less optini=t i 1 it hat expressed by 1 railet al. (1 991b). We sce sev-
eral reasons for t his i ome instances, t hough they find extended emission
near young, pulsi «re t idiontification as a remmnant iS less clear. Tor example,
the morphology of t 1 ¢ enission near PSRB1727-33 1S unlike other remnants;
though it may be pul ardiven, the evidence for it being the remnant of a su per-
nova explosion is uncle arm general, the inter pretation of extended emission is
necessarily  comev lobiative; of inte rest might be a study of the charices of
finding extended radi, v Sloninany direction, given a deep VI, A observation.
In addition, il, 4o suey es - d by Shull et al. (1 989), pulsars can “rejuvenate”
remnant shells, SN R contiming fastpulsars may be preferent ially easier to de-
tect, estimates of laree v nay be artificially inflated, and at least some SNRs
might riot be obeerve bl without pulsar rejuvenation (cf. Brauiy et al. 1989).

Fven considering 1 Laabove uncer tain ties in the “oplimistic” view point,
the conclusions ol (vacislo & Johnston stand iu striking opposition.  We §(X!
a number of 1eaconddor  his. Several phenomena that may have important
impacts on the dics o ver v ol new PSR/SNR associations were notl modeled in
their simulation. As d oo sed above, pulsars may “rejuvenate” shells, so the
assumption that t hepilsic and shell evolve mdependently may be incorrec .
Scecond, Gaensler & Jolins visimnlited only uptarget ed scarches for remnants,
rather than the corte ot e orches done by McAdam et al. (1993) and Frail et
i1 (19940, which noas rcceal low surlace brightness re muants. Third, X-ray
contributions to t his [ Id \oepe vot considered even thoughtwo well-studid
a ssocia tions are dires tres s of X ray discoveries (PSR B1509- 58 and PSR
B0510- 69). Finally, it sirmulating searches for pulsar s, Gaensler & Johunston
made necessary, but ur oo aing assumpti ons about the pulsar population and
the evolution of renante their tes ulls are particularly sensitive to the filling
factor of the differeidlsiMprases, which goverus t he evolution of shells.




5. Conclusions

Thestudy (11 PSI/SNRassociatio ns holds the key to many fu ndamental issues
in neut roun star astrophy s, Mool progress has been made in recent years
owing to tenacity and herd work; that the momber of compelling associations
is relatively sinall i spite of the cflort is notintended to be discou ragement
for those workcers, 1wt 1i ther inspiration for ther n and others to, in addition
t 0 proposing new associations, st udy those already proposed in more detail.
i N particu lar, young puls 1 proper motionmcasurem ents have the p otential to
decide unequivoc allvifnany of the associations listed in ‘I’able 1 arereal or
not, and therefore = hould be considered a top priority.  Furthermore, careful
synthesis analyseattompting to account for previously unmod eled factors, like
those discussed atthe enc of §4., should also prove val uable.
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Table 1.

I oposed PSR/SNR Associations. Associations are ar-
ranged by g1 ouyr, andby pulsar characteristic age within each group,
Asterisks nc 2xt to pulsar names indicale associations proposed since
1994. For other information, sce §2,

PSR S h T 7 d B v G Refs
(kyr) (kpc) (km/s)
PSR/SNR
Im5"314 2°1 C-al P 1.3/0.9 “212 ~0 ~0 - -1 1"
110540- ¢9 SNROVIC 60 P 1,7/0.; -/50 ~0 ~0 1 2
}10833- 45 Vils, C 11/1% 0,6/0.5 0.3 120 1 34
J1341- 6220 GRS s 001 C 12/32 RI[7 0.35 600 2 5,6
111757-24 Ghote 12 ¢ 16/14 4.6/5 1.2 1600 2 7,8
1)1853-1 01 W S 20/+10 3/3.1 0.6 250 2 9
B19514 32 CLI3 ¢ 10'//96 2.4/3 ~0 300 2 10
111509-58 MSH 15 52 Ce 1.7/10 5.7/4.2 0.2 3000 3 1
}11800- 21 GRS 00 N 16/15-28 4/3,2-4,3 ~0 ~0 3 121314
1)1643- 43* G411 20 0.9 N 33/. 6.9/8.39.7 0.7 500 3 15
1323344 61 G114 3104 ¢ 41/10 100 2.4/1.8 0.1 <50 3 16
1)1758-23 Wt ¢ 58/35 150 13.5/2 1.0 200 3 17,18
111610- 50* beo &0 N 7.5/5 737 1.5 1600 4 19,20
}11706- 44 Gad 1. 2.8 N 1/.5l. 2,4-3.2/3 1.0 800 4 21,15
111727- 33" G4b4 1400 t 26/- 4.2]/- ~0 1460 4 15
}11830- 08* W4l N 148/ <H0 45/4.8 1.6 200 4 22
B18554 02 GEh6. 00 7 160/- /4 o112 04 100 4 23
J1627-4845" CERLWRIN s 2700/- 6.8/6.5 04 70 4 24
B1930- 22 Gy ? 40/- 9.6/4,5 05 750 5 25
B0G114 22 1C3 443 S 89/G5 4.7/1.5 17 110 5 26
B0G5G+4 14 Motopem S? 110/60 90 ().8/0.3 0.5 200 5 27,28
B1832--06 G247 0.0 C 120/1) 6.3/4,4 1.6 360 5 22
J20434 2740’ Cygnvs Looy S 1200/20 1.1/0.6 2.5 1500 5 29
111154- 62 Gt 8- 0.3 S 1600/25 10/4 14 550 5 30
B0458+4 46 G0 93 2.6 < Iwo/3[).100 1.8/1-4 0.3 <300 1 31,32
]11823- 13* ‘ C 21/- 4.1/- ~0 ~0 - 33
J1105--6107" G201 08 IS 63/- 7/>4 29 650 - 34
J0538-) 2817* 840 N 600/101) 1.6/1-1.6 0.4 30 - 35
Refs: [1] Starln & Reitvnsten (19068) [2) Seward et al. (19841) [3] Large ¢t al. (1968) [ 4]

Aschenbach ¢t al. (19951 ,] Kispieta'. (1992), [6] Caswell et al. (1992) [7] Frail & Kulkarni
(1991) [8] Maniheste, vtal (1:01){9] Wolszezan et al. (1991) [10] Kulkarni ¢t al. (1988) [11]
Seward & Harnden (1987)]12] Kassim & Weiler (IWO) [13] Mrail et al. (1994a) [14] Finley &
Ogelman (1994) [15]) Fra 1 ¢ al (1994b) [16] Kulkarni et al. (1993) 17){Kaspi et al. (1993 )[18]
Frail et al. (1923) {19] Carovee (1993) 120] Johuston et al. (1995) 21) McAdam et al. (1993)
[21] Clifton &).ync(198){22]Gaensler& Johnston (19!1ba) [23] Phillips & Orniello (1992) [24]
Kaspi ct al. (1996a) [28] )iontirdge & Vancldik (1988) [26] Davies, Lyne & Sciradakis (1972)
[27) Nousck ¢t al (1051 ) [2%] '} nompson & Cordova (1994) [29] Ray et al. (1996) [30] Large &
Vaughan (1972)[31)Danashel ‘Laylor & Hulse (1978) [32] 1.eahy & Roger (1991) [33] Finley
ct al. (1996) [31] Ka .pi « €A {10:06b) [35) Anderson et al, (1996)
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